ABSTRACT: Melamine-cyanurate (M-C) crystals, formed by melamine and cyanuric acid, are water-insoluble urolites that can cause renal tubule occlusion, leading to kidney failure. The morphology of the crystals in vivo differs from that in vitro, being rounded in the former case but needle-like in the latter. The reason for this difference remains unknown, but we have previously found that serum proteins, such as bovine serum albumin (BSA), can contribute to in vitro formation of rounded M-C crystals. In the present study, using scanning electron microscopy, we confirmed that, like BSA, polyvinylpyrrolidone (PVP), a synthetic macromolecule, can alter the crystal morphology to a spherical form. The size and surface structure differed between BSA-and PVP-induced M-C crystals.
Melamine contaminating foodstuffs or animal feed is known to form, along with its derivative cyanuric acid, water-insoluble melamine-cyanurate (M-C) crystal compounds in the kidney, where they accumulate as rounded urolites in the renal tubules, thereby eventually leading to renal dysfunction [2, 3, 6, 10, 11, 13] . It is notable that the morphology of M-C urolites in vivo differs from that of M-C crystals in vitro, the latter being needle-like [6] . Although the reason for this difference remains unclear, we have previously found that serum proteins, such as bovine serum albumin (BSA), can change the in vitro M-C crystals morphology to a rounded form [14] . We hypothesized that, besides serum proteins, artificial macromolecules whose physico-chemical properties, such as molecular size, structure or electrical polarity, are comparable to those of the proteins, might exert a similar influence on the M-C morphology, changing it to a rounded form. Therefore, the present study was conducted to verify this hypothesis by using polyvinylpyrrolidone (PVP) as a model macromolecule, and using scanning electron microscopy to compare the shapes of M-C crystals that were formed in vitro in the absence or presence of BSA or PVP.
PVP, a synthetic macromolecule produced from acetylene chemical products, is widely used in industry, cosmetics, pharmaceuticals and medicine [4] . Also, PVP with a molecular mass of>30 kDa is a useful blood volume expander in the medical field [1, 5, 7, 12] . In this study, we used PVP K30 (approximately 40 kDa, Wako Pure Chemical Industries, Ltd.., Osaka, Japan). Briefly, BSA (66 kDa, Wako Pure Chemical Industries, Ltd.) or PVP was added at a concentration of 10% (w/v) to each of 10 mmol/l melamine or cyanuric acid solutions in distilled water. The crystal samples from the mixtures of the two solutions were washed three times with distilled water (DW) before the dispersal process. The samples suspended in DW were dispersed on ABS (acrylonitrile butadiene styrene)-coated glass slides and air-dried. An osmium plasma coater (OCP-80, Nihon Laser Electronics, Nagoya, Japan) was used to coat the samples with osmium at a thickness of 20 nm (electrical discharge voltage 1.1-1.2 kV, electrical discharge current 2-4 mA and degree of vacuum 6-8 Pa). The samples were then observed with a scanning electron microscope (JSM-6320F, JEOL Ltd., Tokyo, Japan) at 5 kV. Figure 1 shows the difference in morphology of M-C crystals formed in vitro in the presence or absence of macromolecules. All of the M-C compounds formed in the absence of macromolecules were rod-shaped crystals, including small shapeless debris attached to the rods. The width and length of the crystals varied (average 0.5 µm × 4.5 µm) (Fig.  1A and 1B) . In contrast, M-C crystals that formed in the presence of BSA (M-C-BSA) showed a uniform, spherical shape (diameter: approximately 2 µm) with a rough outer surface. The M-C-BSA crystals had bridge-like connections when closely gathered together (arrows, Fig. 1C and 1D) . The M-C crystals formed in the presence of PVP (M-C-PVP) were also spherical. The M-C-PVP compounds had a diameter of approximately 2.5 µm, and most of them were apparently much bigger than the M-C-BSA crystals. The outer surface of M-C-PVP was composed of several densely aggregated small particles (short arrows, Fig. 1E and 1F) . No bridge-like connections between neighboring crystals were seen. Although the general morphology of M-C-BSA and M-C-PVP crystals was spherical and the two resembled each other (Fig. 1C and 1E) , their size and surface structure apparently differed. Judging from the structural complexity of M-C crystals, PVP seemed to have a much more potent effect than BSA on crystal formation.
Although we have previously found in vitro that serum proteins can change M-C crystals to a rounded form, the fine structures of the crystals were not investigated [14] . An in vivo study has shown that the urine crystals in cases of melamine disorder have a circular shape and an irregular surface [6] . The present electron microscopy study revealed that the in vitro M-C-BSA crystals resembled these in vivo urolites. On the other hand, the rounded M-C-PVP crystals remained independent from each other and were densely covered with small particles. Although the reasons as to (1) why and how BSA and PVP can change the shape of M-C crystals, and (2) how the morphological difference between the M-C-BSA and M-C-PVP compounds is induced still remain unclear, we suggest that the electrical charges of serum proteins might directly specify the hydrogen bonding sites of the melamine-cyanurate compound, and thus induce the formation of rounded M-C crystals in vitro [14] . As for PVP, the polymer is known to have two components, i.e., a dipolar imide group binding polar molecules and a hydrophobic region acting on non-polar molecules, as well as interacting with several metal cations [8, 9] . Such properties might exert a catalyst-like influence on the hydrogen bonding of M-C crystals, thereby changing the morphology to a rounded shape [15] .
In conclusion, to our knowledge, this is the first electron microscopy study to have clearly shown that not only serum proteins, but also PVP, a synthetic macromolecule, can induce the formation of rounded M-C crystals in vitro. The BSA-and PVP-induced M-C crystals differed in both size and surface structure. Although further details of the mechanism and clinical implications of these phenomena remain to be clarified, our present in vitro findings at least provide a potential clue to the mechanism responsible for the formation of rounded-type urolites in vivo.
